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ABSTRACT: Natural gas trapped in hydrate deposits is a
potentially enormous source of energy which can in principle be
extracted from the underground reservoir structures. These
reserves can potentially also catastrophically release very large
quantities of greenhouse gases to the atmosphere. One key
parameter which is well known to strongly influence fluid
distribution, saturation, and production is rock wettability.
However, the effect of wettability on gas hydrate in sediments
has not been investigated yet. We thus used nuclear magnetic
resonance (NMR) spectrometry to measure relaxation times (T2
and T1) and the corresponding surface relaxivity of tetrahydrofuran
hydrate during the formation and dissociation in water- and oil-wet
Bentheimer sandstones. We also measured the NMR porosities
and hydrate saturations at different temperatures during hydrate formation/dissociation for both water-wet and oil-wet sandstones.
Significantly higher hydrate saturation was observed in the water-wet sandstone (when compared to the oil-wet sandstone) at all
stages of hydrate formation and dissociation. Furthermore, the T2 spectra moved from the lower relaxation domain (before hydrate
formation) to the fast relaxation domain (after hydrate formation) in both water-wet and oil-wet sandstones. However, the water-wet
sandstone generally had a T2 relaxation range due to the higher water affinity to the water-wet rock and the associated faster
demagnetization of the water molecules. These results demonstrate that low-field NMR can be used to quantify the rock wettability
and observe hydrate behavior in geologic sediments. This fundamental information thus aids in the development of gas extraction
from hydrate reservoirs and the assessment of potential greenhouse gas emissions from such reservoirs into the atmosphere.
1. INTRODUCTION
Methane hydrates contribute a significant share to the global
carbon budget, with approximately 3 × 1014 m3 of methane gas
trapped in geologic hydrate accumulations.1 The presence of
these vast amounts of methane in hydrate-bearing reservoirs
has encouraged major research in this area, related to energy
production,2−4 CO2 sequestration,
5−7 and climate change.8−10
One such key hydrate accumulation is coarse-grained hydrate-
bearing sediments. Hydrate formation, dissociation, and
associated geologic and production timescales are controlled
by fluid flow properties through the sediment.11
It has thus been established that the presence of hydrate in a
porous medium minimizes the available pathway for fluid flow.
Emplacement of hydrate can be considered an alteration of the
pore space with related changes in porosity and permeability.12
Related models for predicting the associated permeabilities and
porosities have been developed;10,13−15 however, these
permeability models are affected by the wettability of the
porous medium.16 Consequently, a key input parameter into
these models is the spatial position of the hydrate in the pore
space of the rock, which is closely related to the hydrate
wettability of the rock (i.e., the affinity of the hydrate to the
rock surface). Generally, the wettability of a porous medium
can be related to its nuclear magnetic resonance (NMR)
surface relaxation properties.17 Recall that the transverse
relaxation time (T2) of brine in rocks consists of three
different transversal relaxation times18−20
= + +
T T T T
1 1 1 1
2 2,bulk 2,surface 2,diffusion (1)
As the non-wetting fluid in the pore space of the rock is
confined to the center of the pore,21 the T2 relaxation time is
rapid and has a shorter echo time. Hence, T2 of pore fluids is
effectively only influenced by bulk and surface transversal
relaxation times. Therefore, the impact of diffusion transversal
relaxation time in eq 1 can be neglected;18,22 thus,
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Also, the surface relaxivity is strongly related to the specific












where ρ2 is the surface relaxivity (measured in μm/ms) and S/
V is the pore surface area (μm2) to volume (μm3) ratio.
Consequently, the NMR signal provides relative pore size
distribution (PSD) measurements;25,26 PSD can be predicted
via eq 4 assuming spherical pores and T2,surface < T2,bulk for low-
viscosity fluids (which is a good approximate27−29), with the
pore radius “r” measured in μm30−32
ρ=r T3 2 2 (4)
NMR T2 can, therefore, be used to study phase changes in
gas hydrates; for instance, Gao et al.33,34 monitored
tetrahydrofuran (THF) hydrate formation and dissociation as
a function of temperature; however, their investigation was
carried out on a bulk THF−D2O solution, and their results
may not be representative for a geologic porous medium. In
addition, Mork et al.35 and Yang et al.36 studied the
solidification and distribution of THF hydrates in synthetic
sediments and glass bead micromodels; however, their study
did not measure NMR T2 signals, and hence, their findings
may not correspond to the hydrate pore habit in porous media.
Furthermore, Ma et al.,37 Ji et al.,38 and Tohidi et al.39 reported
that hydrate is formed in the center of both large and small
pores, leaving a liquid film coating the water-wet surface,
implying non-hydrate wettability. Pan et al.40−43 discussed
CO2 and CH4 wettabilities of organic-rich shale and quartz.
They reported wettability shift from hydrophilic to hydro-
phobic; however, their study did not measure the effect of
wettability on hydrate formation and dissociation. Hence, there
is still a serious lack of understanding of the effect of surface
relaxivity and wettability on gas hydrate distribution in a
geologic porous medium. The study presented here thus
provides key information about hydrate growth, hydrate
distribution, and wettability effects. THF hydrates report a
similar trend to methane hydrates,44 and hence, the findings of
this study will be applicable to real reservoir conditions. This
work, therefore, provides key fundamental data and aids in the
assessment of methane production from gas hydrate reservoirs
and supports the assessment of potential catastrophic release of
greenhouse gases from hydrate source “hydrate gun hypoth-
esis”.45,46
2. EXPERIMENTAL METHODOLOGY
2.1. Sample Preparation. Experiments were performed
on a 38 mm diameter, 50 mm long, homogeneous, cylindrical
Bentheimer sandstone. The core had a permeability of 3042
mD and a porosity of 25% measured via an AP-608 automated
permeameter porosimeter (Coretest Systems), in good agree-
ment with previous measurements.47,48 The Bentheimer
sandstone was composed of 99 wt % quartz, 0.7 wt %
kaolinite, and 0.3 wt % rutile, which was measured via X-ray
diffraction (with a Bruker-AXS D8 instrument). Each
coreflood experiment was repeated twice for its natural
water-wet state and oil-wet state. The sandstone was aged
for 1 week in hexadecyltrimethoxsilane (purity ≥ 98 wt %) to
render it oil-wet at a constant pressure (0.1 MPa) and
temperature (298.15 K).49−51 After ageing, the sample was
placed in an oven to dry under vacuum at 343.15 K for 2 days
at 0.1 MPa (Across International vacuum oven). The contact
angle of the oil-wet sample was measured on the rock under
ambient conditions (in air) to verify the wettability alteration
and was found to be 100° with 0.6 M NaCl brine and 67° with
22 wt % THF/78 wt % 0.6 M NaCl brine/air using the tilted
plate method.47,52
In all the experiments, NaCl solutions (analytical reagent,
Rowe Scientific) were used for adjusting the ionic strength of
the base fluid [deionized (DI) water, produced using a
Millipore Direct-Q 3UV that supplied ultrapure type 1 water]
under non-buffered pH conditions. THF (inhibitor-free, ≥99.9
wt %, Sigma-Aldrich) was used to formulate the solutions as
required. Fluid density was measured with a pycnometer
according to Gay-Lussac (100 mL, ISO 3507, accuracy ∼
0.001 mg/cm3, DIN, Witeg Labortechnik GmbH). The
viscosity of both liquids was measured using a viscometer
(model 800, speed accuracy 0.1 rpm, OFITE Inc.), and a
Starter 3100 pH meter (Ohaus Corporation) was used to
measure and monitor the pH of the test fluids (the instrument
was calibrated daily using three-point calibration with a 95−
98% accuracy). Surface tensions were measured via spinning
drop tensiometry (Krüss GmbH). Basic properties of the
solutions are tabulated in Table 1.
Gas hydrates are formed in three structures (sI, sII, and sH).
The type of crystal structure depends on the size of guest
molecules; methane (CH4) and carbon di oxide (CO2) form sI
hydrate, THF forms sII hydrate, while cyclopentane in the
presence of methane forms sH hydrate.53 The physical
properties of CH4 hydrate are a molar mass of 16.043 g/mol
and a density of 19.62 kg/m3; the physical properties of CO2
hydrate are a molar mass of 44.010 g/mol and a density of
25.56 kg/m3; and the physical properties of THF hydrate are a
molecular mass of water of 18.02 g/mol, a molecular mass of
THF of 72.107 g/mol, and a density of 990 kg/m3. The
comparison of the mechanical, electrical, and microscale
properties and some thermal properties (e.g., heat capacity
and thermal conductivity) of the THF and methane hydrates
reveal gross similarities, particularly when each property is
considered within the range of values attained in marine or
permafrost sediments.54 Hence, THF was chosen as a
surrogate of the hydrate-forming gas as there are numerous
challenges in forming methane hydrate, including long
induction times, low methane solubility in water, and high
pressure requirements.55−58 THF forms sII (structure II)
hydrate which is also predominantly found in natural
sediments. Note that the hydrate equilibrium temperature
Table 1. Basic Properties of the Test Fluids at 298.15 K and 0.1 MPa
contact angle (degrees)
solution density (g/cm3) viscosity (mPa·s) pH surface tension (mN/m) water-wet oil-wet
0.6 M NaCl brine 1.0232 1.06 5.9 73 0 100
22 wt % THF/78 wt % 0.6 M NaCl brine 0.9964 0.927 3.2 63 0 67
The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
https://doi.org/10.1021/acs.jpcc.1c03940
J. Phys. Chem. C 2021, 125, 17323−17332
17324
and pressure for THF hydrate is 277.45 K (4.4 °C) at 0.1 MPa
pressure for a stoichiometric THF−H2O ratio (THF−water
molar ratio = 1:17).54−57,59 THF hydrates are therefore stable
under atmospheric pressure and low temperature.58,60
2.2. Procedure. The following procedures were followed
to systematically measure the porosity and surface relaxivity
during THF hydrate formation and dissociation via low-field
NMR spectrometry.
2.2.1. Bentheimer Sandstone Saturated with Brine.Water-
wet and oil-wet Bentheimer samples were vacuumed for 24 h
and then saturated with brine (0.6 M NaCl in DI water) using
a syringe pump (Teledyne ISCO, model 500D Hastellov, flow
accuracy ∼ 0.5% of the set point, pressure accuracy within
0.1% full scale). Four pore volumes of brine were injected at
0.1 MPa and 298.15 K at a 1 mL/min flow rate, followed by
low-field NMR scans (using an Oxford-Geospec+ 2/53 magnet
assembly; Oxford Instruments; 2 MHz) to measure the
porosities and surface relaxivities of the water-wet and oil-
wet Bentheimer samples. Figure 1 illustrates the setup of the
experimental apparatus.
2.2.2. THF Hydrate Formation. The water-wet and oil-wet
sandstones were vacuumed for 1 day. After vacuuming, the
samples were saturated with the pre-mixed aqueous THF
solutions (22 wt % THF/78 wt % 0.6 M NaCl brine) using a
syringe pump (Teledyne ISCO) at 0.689 MPa and 298.15 K
for 1 day. Subsequently, the samples were cooled to 277.15 K
(with a Julabo 900F system) at 0.1 MPa,24 followed by NMR
measurements. T2 spectra for the water-wet and oil-wet
Bentheimer cores at five different temperatures (277.15,
283.15, 289.55, 293.65, and 298.15 K) during THF hydrate
formation and dissociation were then recorded at intervals
under non-equilibrium conditions.
Temperatures were regulated during the NMR measurement
using a Julabo 900. The non-magnetic tube connected with the
Julabo 900 was placed vertically in the NMR scanning space.
The hydrogen-free (CF4) was used to cool the tube. Ultrapure
water was used to clean the non-magnetic tube before each
experiment. The non-magnetic tube was placed vertically in the
NMR apparatus. The temperature of the external insulation
tube was reduced to the experimental temperature. Finally, the
bath temperature was adjusted to the target temperature, and
NMR scans were performed.37 The information of the NMR
sequences used to obtain relaxation times is provided in Table
2.
3. RESULTS AND DISCUSSION
3.1. NMR Response of Water-Wet and Oil-Wet
Bentheimer Sandstones. The amplitude of the NMR T2
spectra declined with decreasing temperature; this was caused
Figure 1. Schematic diagram of the experimental apparatus.
Table 2. NMR Scanning Parameters
temperature
(K)
298.15 293.65 289.55 283.15 277.15
time to acquire
(min)
5 10 15 20 25
τ value (echo
time) (ms)
0.1 0.1 0.1 0.1 0.1
signal to noise
ratio (SNR)
100 100 100 100 100
recycle delay
(ms)
5250 5250 5250 5250 5250
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by the molecular behavior of water; thus, when liquid water
cooled, it contracted until a temperature of 277.15 K was
reached. During cooling, more hydrogen bonds formed and
the overall water volume decreased. When water shrinks, the
air in the gap is not detectible by NMR, and this causes a
decrease in volume to surface ratio; therefore, as predicted by
eq 5,61 the NMR T2 amplitude also decreased since it is












This effect was observed in both the water-wet and oil-wet
samples, consistent with previous studies.62−64 However, for
brine-saturated water-wet and oil-wet rocks, no shift in NMR
T2 relaxation time was observed, despite the decline in the
spectrum amplitudes, Figure 2. This is because no phase
change occurred (from solid to liquid or vice versa) since the
saturating fluid was always liquid (without THF or hydrate;
thus, no THF hydrate formed or dissociated here). Note that
the relaxation time depends on the saturating fluid and the
nature of the porous medium.65
However, T2 relaxation ranges were significantly different for
water-wet (100−1584 ms) and oil-wet (708−6309 ms)
Bentheimer sandstones, Figure 3a. Smaller relaxation times
indicate that the rock−brine interaction was stronger for the
water-wet Bentheimer sandstone than for the oil-wet
Bentheimer sandstone, which is expected as the hydrophobic
hexadecyl groups on the sandstone surface repel water
molecules (compare for instance).66,67 From these T2
relaxation ranges, we calculated surface relaxivities (ρ2, via eq
4) of 18 μm/s for the oil-wet Bentheimer sandstone and 10
μm/s for the water-wet Bentheimer sandstone, which is
consistent with values reported in the literature for Bentheimer
sandstones.68 We conclude that sandstone wettability can be
identified by NMR T2 relaxation times.
The diffusion path of fluid molecules in a porous medium is
affected by the particle’s interaction with the pore wall, and it
also depends on the pore structure of the confining porous
medium.69,70 Importantly, the fluid at the pore surface has a
greatly reduced mobility,71 and molecules in highly viscous
fluids are less mobile and show higher T1−T2 ratios;72
therefore, a higher T1−T2 ratio indicates a lower particle
mobility.73,74 Hence, T1−T2 ratios can be used to differentiate
phase changes from solid to liquid or vice versa. Low-field
NMR T2 relaxation measurements can, therefore, distinguish
THF in the solid hydrate phase form THF in the coexisting
liquid phase.33,34,75 Further, if T1 and T2 relaxation times are
measured simultaneously, T1−T2 maps can be constructed,
which provide hydrogen intensity maps.74 This hydrogen
Figure 2. NMR T2 relaxation time distributions of fully brine-
saturated Bentheimer sandstones, (a) water-wet and (b) oil-wet,
measured at different temperatures and 0.1 MPa.
Figure 3. NMR spectra for oil-wet and water-wet Bentheimer
sandstones fully saturated with 0.6 M NaCl brine (before hydrate
formation); (a) T2 spectra and (b,c) T1−T2 maps, (b) water-wet and
(c) oil-wet, measured at T = 298.15 K and P = 0.1 MPa.
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intensity is the equivalent proton response of the saturating
fluid, which again depends on the relaxivity of the contacting
solid surface (pore wall), “killing probability”.76 Here, NMR
T1−T2 maps indicated that T1 was slightly larger than T2 for
the water-wet Bentheimer sandstone, and relaxation times
ranged between 100 and 1000 ms, Figure 3b, consistent with
literature data.77,78 In the NMR sandstone wettability study
performed by Al-Mahrooqi et al.,78 it was reported that water-
wet sandstones have lower relaxation times than oil-wet
sandstones because water interacts more strongly with pore
walls. Such stronger interactions increase surface relaxation and
shorten relaxation time.79 However, in the oil-wet Bentheimer
sandstone, T1−T2 relaxation times ranged between 1000 and
10,000 ms, Figure 3c. Increasing molecular confinement
decreases the surface-relaxation time.80,81 Thus, T1 was slightly
larger than T2, which indicated higher fluid confining due to
the non-wetting nature of the pore surfaces to the aqueous
THF solution in the oil-wet sample.
3.2. NMR Response of the Water-Wet Bentheimer
Sandstone during THF Hydrate Formation and Dis-
sociation. T2 spectra for the water-wet Bentheimer sandstone
were recorded during THF hydrate formation and dissociation
to examine the capability of NMR to detect and quantify
hydrate and to investigate any potential rock wettability
alteration (caused by THF hydrate formation). T2 relaxation
times for the water-wet Bentheimer sandstone (saturated with
liquid THF solution at 298.15 K and 0.1 MPa, before hydrate
formation) ranged from 100 to 2238 ms, and the NMR
porosity (φ) was 22%; note that at this temperature and
pressure, the hydrate saturation (Sh) was 0. However, hydrate
formed when temperature was lowered from 298.15 to 277.15
K (at 0.1 MPa), which reduced the pore sizes;82 simulta-
neously, the T2 spectrum shifted left toward lower relaxation
times (40−560 ms) as most of the free water turned into THF
hydrate. Hence, the porosity decreased to 6%, and hydrate
filled 73% of the pore space. Precisely, T2 relaxation times
decreased due to an increase in surface to volume ratio (of the
pores), caused by hydrate growth in the pore space;24,83 that is,
when hydrates formed, the volume of the aqueous THF
solution decreased, while the surface area of the pore remained
unchanged. “The pore surface” here refers to the fixed pore
surface area (“S” as provided in eq 3), and it is assumed non-
deformable and constant for a given pore. It does not include
the surface of the hydrate. The surface to volume ratio (S/V)
changes due to change in aqueous THF volume, while “S” is
fixed for a given pore. The THF hydrate distribution in the
pore depends on the hydrophobicity/wettability of the pore
walls: a scattered distribution mode was considered for the oil-
wet Bentheimer sandstone, while for the water-wet Bentheimer
sandstone, it is in the adhesive mode due to the hydrophilic
nature of the pore walls.84 NMR measures only the THF
solution, and it cannot see or measure THF hydrate or its
internal structure when formed; thus, the surface area of the
hydrate can only be considered as having the same order of
magnitude as the surface of the pore when the aqueous THF-
filled pore is completely converted to hydrate (only THF
hydrate and no THF solution exists in the pore).
The hydrate volume expansion that occurs during hydrate
formation causes the aqueous THF to flow toward the pore
walls;85,86 in the case of the water-wet rock, the liquid THF
spreads on the pore surface and forms a thin hydrate layer.
Thus, hydrates formed in the pore center and displaced
aqueous THF from the pore center toward the pore walls;
consequently, the water-wet surfaces were coated and thin
hydrate layers formed on them.87 The integrated amplitude of
the NMR signal also decreased when THF hydrate formed as
1H protons in the THF hydrate are not detected by the NMR
scans (that is, NMR is incapable of detecting hydrate since
hydrate is a solid phase; however, NMR can detect remaining
free water).88,89 Consequently, Sh can be calculated by an
NMR signal balance.
After thawing, the T2 spectrum was recorded at intervals to
monitor the dissociation of the THF hydrate with increasing
temperature. The T2 relaxation time during hydrate dissocia-
tion at 283.15 K increased to 40−795 ms, and porosity
increased to 10%. The T2 spectrum broadened further to 40−
1122 ms (φ = 14%, Sh = 4%) at 289.55 K and 56−1259 ms (φ
= 18%, Sh = 13%) at 293.65 K. Clearly, the T2 spectra moved
toward the slow relaxation domain, and more intense T2
signals (more free water) were observed after THF hydrate
dissociation, Figure 4a.
In contrast, when hydrate formed at 277.15 K, the T1
relaxation time remained between 100 and 1000 ms (while
the T2 relaxation time reduced to 10−100 ms, see above).
During hydrate dissociation (at 283.15, 289.55, and 293.65 K),
T1−T2 maps (ranging from 100 to 1000 ms; T1 ≈ T2) were
again very similar (Figure 4b,c). The difference in T1−T2 maps
at the freezing point (277.15 K) and dissociation temperatures
(283.15, 289.55, and 293.65 K) is attributed to the formation
of (solid) THF hydrate.
3.3. NMR Response of the Oil-Wet Bentheimer
Sandstone during THF Hydrate Formation and Dis-
sociation. To determine the effect of rock wettability on
hydrate formation, dissociation, and spatial distribution, T2
spectra of the oil-wet Bentheimer sandstone during the
formation and dissociation of THF hydrate at five different
temperatures were recorded. Again, T2 relaxation times
decreased as THF hydrate formed, Figure 5a. Specifically, T2
relaxation times for the oil-wet Bentheimer sandstone
(saturated with liquid THF solution at 298.15 K and 0.1
MPa, before hydrate formation) ranged from 631 to 6309 ms,
and the associated NMR porosity (φ) was 20%, while the
hydrate saturation (Sh) was 0. The T2 spectrum shifted left
toward lower relaxation times (89−2239 ms), porosity
decreased to 7%, and Sh reached 66% at 277.15 K when
THF hydrate formed. The T2 relaxation times during hydrate
dissociation were 89−1178 ms (φ = 10%, Sh = 47%) at 283.15
K, 141−1995 ms (φ = 13%, Sh = 29%) at 289.55 K, and 224−
2239 ms (φ = 16%, Sh = 7%) at 293.65 K. Thus, the T2
relaxation time increased again during hydrate dissociation.
It was also observed that Sh in the water-wet Bentheimer
sandstone (water-wet Sh = 73%) was higher than that in the
analogue oil-wet Bentheimer sandstone (oil-wet Sh = 66%)
after hydrate formation. This is a significant effect, caused by
the hydrophobic behavior of the oil-wet Bentheimer sandstone
and which can be attributed to the repulsion of water
molecules from the rock surface67 and associated with the
minimization of contact area between aqueous THF solution
and the sandstone surface.90 Liquid THF does not flow toward
the hydrophobic surface (this is in contrast to the water-wet
Bentheimer sandstone, as discussed above), and it remains
trapped at the center of the pores and may not solidify into
hydrate but remains as liquid THF surrounded by the hydrate
shell. Since the rate of relaxation of the wetting fluid is
increased by surface relaxation at the pore surface,72 a lower T2
response was measured for the water-wet Bentheimer sand-
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stone; in contrast, the T2 relaxation rate of the non-wetting
THF hydrate in the oil-wet rock approached its bulk fluid value
because of lower surface relaxation.
T1 and T2 relaxation times were almost the same before
hydrate formation at 298.15 K (T1−T2 ranged from 1000 to
10,000 ms), Figure 5b. However, when hydrate formed at
277.15 K, the T1 relaxation time decreased to 100−1000 ms,
while the T2 relaxation time decreased even more, indeed
drastically to 10−100 ms. During hydrate dissociation (283.15,
289.55, and 293.65 K), T1−T2 maps were again very similar,
and relaxation times ranged from 1000 to 10,000 ms, Figure
5c. The difference at 277.15 K was caused by THF hydrate,
which was solid and therefore undetectable by NMR (see
above); hence, lower relaxation times and low porosity were
observed. Phase change (from solid hydrate to liquid during
dissociation) was caused by an increase in temperature; thus,
the intensity of the T1−T2 map increased (as more liquid was
available, which could be detected by NMR).
3.4. Surface Relaxivity during THF Hydrate Forma-
tion and Dissociation. Surface relaxivity ρ2, a measure of the
probability with which molecules are demagnetized at the pore
surface (“killing probability”, see above), varies with mineral-
ogy; hence, ρ2 can be used to identify rock lithology.
91,92
Moreover, surface relaxivity measurements can quantitatively
measure rock wettability.17 Here, surface relaxivities were
examined, and differences between THF hydrate NMR
responses in the water-wet sandstone versus the oil-wet
sandstone were analyzed. In the case of the water-wet rock,
ρ2 increased from 5.6, 10, 12.8, and 18 to 22.5 μm/s with
descending temperatures (298.15, 293.65, 289.55, 283.15, and
277.15 K). These results are consistent with previous studies
on the temperature dependence of surface relaxivity.93−96
Surface relaxivities were also determined for the oil-wet
Bentheimer sandstone; ρ2 gradually increased from 1.8, 5, 6,
and 6.9 to 10 μm/s with decreasing temperatures (298.15,
293.65, 289.55, 283.15, and 277.15 K). Clearly, ρ2 for the oil-
Figure 4. (a) NMR spectra for water-wet Bentheimer sandstone fully
saturated with THF solution (22 wt % THF + 78 wt % 0.6 M NaCl
brine) during hydrate formation; (a) T2 spectra and (b,c) T1−T2
maps, (b) before hydrate formation at T = 298.15 K and P = 0.1 MPa
and (c) during hydrate formation and dissociation, measured at T =
277.15, 283.15, 289.55, 293.65 K, and P = 0.1 MPa.
Figure 5. (a) NMR spectra for the oil-wet Bentheimer sandstone fully
saturated with aqueous THF solution (22 wt % THF + 78 wt % 0.6 M
NaCl brine) during hydrate formation; (a) T2 spectra and (b,c) T1−
T2 maps, (b) before hydrate formation at T = 298.15 K and P = 0.1
MPa and (c) during hydrate dissociation, measured at T = 277.15,
283.15, 289.55, 293.65 K, and P = 0.1 MPa.
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wet Bentheimer sandstone were much lower than those for the
water-wet Bentheimer sandstone. It was also observed that ρ2
for the oil-wet Bentheimer sandstone varied much less than ρ2
in the water-wet Bentheimer sandstone, Table 3.
These differences in ρ2 were caused by the presence of the
hydrophobic layer on the oil-wet sandstone (which repels
water molecules, see above and compare67). As ρ2 is inversely
proportional to T2 (see eq 3), a higher ρ2 corresponds to faster
relaxation. This faster demagnetization is caused by the higher
affinity of water molecules to the water-wet pore surface as
H2O molecules have a higher chance to hit the surface and
demagnetize. Furthermore, faster relaxation occurred when
THF hydrate was present (see above). As discussed above,
shorter T2 times were measured for THF hydrate at lower
temperatures. This effect was more significant in the water-wet
rock, consistent with the observation that more hydrate formed
in the water-wet sandstone (when compared to the oil-wet
rock, see above). As temperature increased, the THF hydrates
dissociated; thus, lower hydrate saturation was observed with
increasing temperature for both water-wet and oil-wet rocks.
Consequently, surface relaxivity decreased to its minimum at
298.15 K (see Figure 6a−c).
4. CONCLUSIONS AND IMPLICATIONS
Rock wettability has been demonstrated to be a key factor
determining hydrocarbon production, CO2 geo-sequestration,
or H2 geo-storage.
97−100 However, the effect of rock wettability
on hydrate formation, dissociation, and pore-scale distribution
has not been discussed yet. We therefore investigated the effect
of rock wettability on THF hydrate formation, dissociation,
and distribution via NMR. We also measured relaxation time
dependence on temperature and quantified surface relaxivities
during the formation and dissociation of hydrate in water-wet
and oil-wet Bentheimer sandstones. From the results, our
conclusions are as follows:
1. The workflow presented can be used to obtain in situ
and pore-scale information for effective development
and recovery of gas hydrates.
2. NMR measurements are a reliable tool to determine the
wetting properties of hydrate-bearing formations.
3. Knowledge of the wetting characteristics of hydrate-rich
formations will help to improve the accuracy of natural
gas reserve estimates.
4. Higher natural gas hydrate accumulations are expected
in water-wet formations than in oil-wet formations.
5. Surface relaxivity for the oil-wet Bentheimer sandstone is
much lower than that for the water-wet Bentheimer
sandstone.
This work thus demonstrates that rock wettability
significantly influences gas hydrate saturation, pore-scale
distribution, and formation/dissociation behavior. These
insights found here thus aid in the industrial-scale exploitation
of hydrocarbons from gas hydrate reservoirs and help in the
assessment of potentially catastrophic greenhouse gas
emissions from such hydrate reservoirs. They also provide a
better understanding of gas hydrate identification method-
ologies, reserve estimation, and resource exploitation.
Table 3. T2 Relaxation Times and Hydrate Saturations of Water- and Oil-Wet Bentheimer Sandstones at Different
Temperatures
T2 relaxation time (ms) surface relaxivity (μm/s) hydrate saturation (Sh)
temperature (K) water-wet oil-wet water-wet oil-wet water-wet oil-wet
277.15 40−560 89−1039 22.5 10.0 0.73 0.66
283.15 40−795 89−1178 18.0 6.9 0.58 0.47
289.55 40−1122 141−1995 12.8 6.0 0.40 0.29
293.65 56−1259 224−2239 10.0 5.0 0.13 0.07
298.15 100−2238 631−6309 5.6 1.8 0 0
Figure 6. Sandstone-hydrate properties measured as a function of
temperature and rock wettability; (a) hydrate saturation, (b) surface
relaxivity, and (c) NMR porosities.
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